Several processes to produce water and oxygen from lunar regolith have been proposed. Among these processes, hydrogen reduction process of lunar regolith has several advantages. Therefore, we have investigated the water-production mechanism by H 2 reduction for three types of lunar soil simulants. The maximum of water-production was obtained for all lunar soil simulants at 1323 K. Mössbauer spectra of FJS-1 revealed that the produced water was generated from ilmenite, Fe 3+ phase(s), and magnetic materials such as hematite or magnetite. The cross-section observation of scanning electron microscope and BET method presented that the surface area was decreased at higher temperature owing to melting of some components in the cracks, and the surface area was increased as the progress of hydrogen reduction. The kinetic consideration using thermogravimetry indicated that hydrogen reduction for lunar soil was controlled by chemical reaction.
Introduction
Lunar exploration projects are advancing to a more active phase. For future lunar and planetary sustainable exploration and development, in-situ resource utilization (ISRU) technology will be much more important for the engineering purposes. ISRU technology will require the use of locally derived materials since transportation from the earth requires much time, cost, and labor. ISRU will provide production of water, oxygen, helium-3, metals, and other materials. In these materials, water and oxygen are the most important in early human exploration phase. Two methods are considered to produce water as stated below.
One of the conceivable lunar water-production methods is to utilize lunar water ice that might exist at the lunar poles. However, it has not been revealed yet if sufficient quantities of lunar ice exist or not.
Another method to produce water is reduction of lunar soil by H 2 as shown in Fig. 1 . This process consists of two of the most feasible processes that are the reduction of ilmenite in lunar soil and the reduction of ferrous iron in volcanic glass (Taylor and Carrier, 1992) . For this reason, several researchers have studied the reduction of ilmenite and volcanic glass. Zhao and Shadman (1991) investigated H 2 reduction mechanism of ilmenite powder (less than 45 μm) prepared by cold press molding. The reaction followed a shrinking core model and consists of five primary steps. Kapilashrami et al. (1996) investigated the reaction mechanism by thermogravimetric method for synthetic ilmenite which particle size was about 150 μm. They concluded that ilmenite (FeTiO 3 ) was reduced to TiO 2 and iron below 1186 K, but at and above Particle diameter [ mm ] this temperature the reduction products were found to be Ti 3 O 5 and iron (Kapilashrami, 1996) . Olivine, pyroxene, and other main components included in lunar soil also have been studied. Allen et al. (1996 Allen et al. ( , 1994 have conducted experiments on various lunar soils and glass samples. Olivine and pyroxene contained in lunar soils and glasses were partially reduced. Massieon et al. (1993) have studied the kinetics and mechanisms of the reduction of olivine by H 2 . The solid products after reduction were iron and vitreous silica, and the products formed a nanoporous layer around an unreacted core. They described that permeation of H 2 through this nonporous layer was important in determining the rate of reduction. Investigations of the reaction mechanism of lunar soil by H 2 reduction are not enough for ISRU development though water-production methods on the moon have been studied by many researchers. Therefore, the purpose of this research is to investigate the reduction mechanism of water-production by H 2 reduction of three types of lunar soil simulants that have different chemical types. Understanding of the H 2 reduction mechanism of different types of lunar soil simulants is important for the mission of utilizing the lunar soil because chemical components of lunar soil depend on the site.
Samples and Methods

Samples
Three types of lunar soil simulants were used for experiments. Lunar soil simulants were produced by Shimizu Corp., Japan. Fuji lava base (FJS-1), Oshima lava base (Oshima), and Kohyama gabbro base (Kohyama) mimic low-Ti mare, high-Ti mare, and intermediate of mare and highland lunar regolith, respectively. Chemical components for three types of simulants except for oxygen are shown in Table 1 . FJS-1 and Kohyama are made of basalt in Mt. Fuji, Japan, and gabbro in Kohyama, in Japan, respectively. Oshima made of basalt containing volcanic glass with addition of 7wt%-forsterite and 8wt%-ilmenite to mimic the chemical components of lunar regolith in high-Ti mare. Figure 2 shows that each simulant has similar particle distributions to mimic lunar regolith, and that average diameters (Martin diameters) of FJS-1, Oshima and Kohyama are 67, 88, 85 μm, respectively.
Experimental apparatus for water-production
A fixed-bed reactor was used for water-production experiments. experimental set-up were reported by Watanabe et al. (2006) . Sample weight was 5 g on this experiment.
Experiment was started by first flowing He at 0.50 NL/min for sample heating up to reduction temperature and preventing from oxidation. After 20 min, He was quickly switched to H 2 at 4.00 NL/min. The inlet pressure was kept at 202 kPa by controlling back pressure valve. Both gases flew up through a preheating gap between the inner and the outer tubes. H 2 with produced water was transported to moisture meter to measure the water-production rate.
Sample morphology
The morphology of initial, heated, and H 2 reduced lunar soil simulants was analyzed. FJS-1 mounted in an epoxy resin and polished to expose the cross section of the grain was observed with scanning electron microscope (SEM) to investigate the particle structural change by H 2 reduction. The specific surface area (SSA) and pore volume distribution were measured by BET using N 2 and Kr as adsorption gas. Iron Mössbauer spectroscopy (FeMS) was used to analyze the iron morphology.
TG analysis
The weight reduction of the simulant by H 2 reduction was measured using thermogravimetry (TG) to investigate the reaction kinetics. Sample weight of FJS-1 or Oshima in alumina crucible was 50 mg, while that of Kohyama was 100 mg because of Kohyama contains little iron-bearing minerals than the others. Heating rate was 100 K/min in He atmosphere. H 2 reduction was started after reaching prescribed temperature and then holding the temperature for about 20 min. H 2 flow rate was 0.020 NL/min with 0.48 NL/min He flow.
Results and Discussion
Water-production
The effect of reduction temperature on the water-production rate and cumulative amount is important to investigate the reaction mechanism of lunar soil simulants. Effect of reduction temperature on the water-production rate by the fixed-bed reactor system is shown in Fig. 3 . Higher temperature gave higher water-production rate up to 1273 K. H 2 reduction rate of FJS-1 is fairly high in the experimental temperature range. The peak-top positions are found within 0.5 min and the most of water-production terminated after about 5 min. Figure 4 shows effect of reduction temperature on the cumulative amount of water-production for all simulants. The amount of water-production was evaluated at the complete reduction. Increase of cumulative amount of water production for FJS-1 and Kohyama is slight. In contrast, that for Oshima is significant with temperature up to 1323 K owing to reduction of volcanic glass, because the total amount of glass reduction is strongly temperature dependent . At 1373 K, the cumulative amount of water-production for all simulants sharply decreased because of melting of some components in simulants. The water-production amount from FJS-1 was higher than that from Oshima, even though Oshima contains richer iron fractions than FJS-1. From this result, the water-production amount cannot be directly correlated to the iron fractions in the initial sample.
Sample morphology 3.2.1. SEM observation
The cross-section observation of FJS-1 was conducted to investigate the morphology change on heating and H 2 reduction. The results of SEM observations are shown in Fig. 5 . Higher atomic number components generate stronger intensity of backscattered electrons, thereby the regions which have larger atomic number show a lighter-colored image (Taylor et al., 1996) . The brightest regions in the particles are ilmenite-like minerals.
The particles have several cracks containing fine particles as the SEM image of Fig.  5(a) . In contrast, the cracks of heated samples contain few fine particles as shown in Fig. 5(b) . These SEM results mean that the fine particles were molten, and then fine particles might be integrated into large particles and transformed into a number of roundish blobs.
The ilmenite-like regions, as shown in Fig. 5(c) , have a myriad of holes after reduction because oxygen atoms were extracted by H 2 reduction. The generation of holes were evaluated from the pore volume distribution measured by BET method.
Results of BET methods
The SSA was decreased by heating and was increased by H 2 reduction for all simulants as shown in Fig. 6 . N 2 was used as the adsorbent for raw material, besides Kr was used for the heated and reduced samples because both samples have relatively small SSA (<1 m 2 /g). Measurement by Kr adsorption leads to more exact results than that by N 2 . The results from SEM images and BET measurements indicate that the molten fine particles made SSA lower, and H 2 reduction increased SSA. Figure 7 shows the pore volume distribution of initial, heated, and reduced FJS-1. The contribution of smaller pore diameter was decreased by heating. In contrast, the contribution of larger pore diameter was increased by H 2 reduction. The effect of heating temperature on the SSA for FJS-1 is shown in Fig. 8 . Higher temperature gives smaller SSA up to 1173 K. This result indicates higher temperature lead to increase of the amount of molten components.
The increases of SSA and of cumulative water-production with reduction time for FJS-1 by the fixed-bed reactor system are shown in Fig. 9 . The SSA was increased with the cumulative water-production. This indicates that the SSA was increased with the water-production by H 2 reduction. As stated above, H 2 reduction of FJS-1 made a myriad of holes. These results indicate that increasing SSA is attributed to oxygen extraction by H 2 .
Results of FeMS
Iron-bearing minerals in the lunar soil simulants were analyzed by FeMS because the water-production rate and cumulative amount cannot be correlated to the fraction of iron oxide as stated above. Mössbauer spectra of FJS-1 are shown in Fig. 10 . Several researchers have reported the Mössbauer spectra of olivine basalt (Gunnlaugsson et al., 2006) and lunar soil (Allen et al., 1996 Gibson et al., 1994) . Iron-bearing minerals for our experimental data by FeMS were identified by these references. The quantity of each iron-bearing mineral of the lunar soil simulants, in particular, the fraction of area spectra of pyroxene, olivine, ilmenite, Fe 3+ phase(s), and two sextet magnetic minerals was shown in Table 2 . Fe 3+ is the most likely origin of pyroxene (Gunnlaugsson et al., 2006) . Magnetic materials were regarded as iron oxides such as hematite, maghemite, or magnetite. These iron oxides can easily be reduced by H 2 in the temperature range of our experiments. Pyroxene, olivine, α-Fe and γ-Fe spectra are contained in the reduced FJS-1. The area fractions of pyroxene and olivine for FJS-1 differ little from that of after reduction. This directly indicates that pyroxene and olivine are unreducible at 1173 K, but that the other iron-bearing minerals are reducible by H 2 .
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TG analysis of reaction kinetics
TG analysis was conducted to discuss the reaction kinetics of H 2 reduction for lunar soil. Ilmenite and iron oxides in the lunar soil simulants are mainly reducible minerals by H 2 from the results of FeMS. Weight loss derives from the reduction of these components. Figure 11 shows the effect of reduction temperature on the cumulative
TG analysis was conducted to discuss the reaction kinetics of H 3+ phase(s), and two sextet magnetic minerals was shown in Table 2 . Fe 3+ is the most likely origin of pyroxene (Gunnlaugsson et al., 2006) . Magnetic materials were regarded as iron oxides such as hematite, maghemite, or magnetite. These iron oxides can easily be reduced by H 2 in the temperature range of our experiments. Pyroxene, olivine, α-Fe and γ-Fe spectra are contained in the reduced FJS-1. The area fractions of pyroxene and olivine for FJS-1 differ little from that of after reduction. This directly indicates that pyroxene and olivine are unreducible at 1173 K, but that the other iron-bearing minerals are reducible by H 2 .
2 reduction for lunar soil. Ilmenite and iron oxides in the lunar soil simulants are mainly reducible minerals by H 2 from the results of FeMS. Weight loss derives from the reduction of these components. Figure 11 shows the effect of reduction temperature on the cumulative weight loss due to H 2 reduction and conversion ratio of FJS-1 by TG. Conversion ratio x was defined as follows:
(1)
The denominator was calculated with Table 1 regarding Fe 2+ and Fe 3+ as FeO and Fe 2 O 3 , respectively. The numerator could be obtained from TG. Conversion ratio of unity means that oxygen has completely extracted from iron.
Conversion ratio reached approximately 0.31 at most. The conversion ratio less than unity is attributed to the unreducible iron-bearing minerals such as pyroxene and olivine contained in FJS-1 as shown in Table 2 .
The effect of reduction temperature on the water-production rate by TG is shown in Fig. 12 . The maximum value of water-production rate increases with temperature. The peak-top is located in conversion ratio of 0.15-0.20 at 1155 and 1251 K, but the position is found at conversion ratio of 0.025 at 1298 K. This result indicates the molten components filled up pores at 1298 K and the components inhibited H 2 diffusion into the pores of FJS-1. Therefore, at 1298 K, reduction took longer time than the others as shown in Fig. 11 where r is water-production rate and C H2 is H 2 concentration. The plots are on each straight line with respect to conversion ratio from 1062 K to 1201 K, but the plots are not on the straight lines at 1251 K and above. Activation energy for all simulants was calculated from the gradients of these linear regressions in Fig. 13 with Eq. (3).
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where A is frequency factor, R is gas constant, and E is activation energy. The estimated activation energies are shown in Fig. 14 . The activation energy of 50-80 kJ/mol for FJS-1 was coincident with the intermediate value of iron oxides and ilmenite (e.g. Pitrowski et al., 2007; Kapilashrami et al., 1996; Briggs and Sacco 1990) . The activation energy of Oshima and Kohyama increased with the reduction. Besides, the values of Oshima and Kohyama (206 and 179 kJ/mol at conversion ratio of 0.2, respectively) are significantly higher than that of ilmenite and iron oxides. The reason is that Oshima contains abundant volcanic glass and Kohyama has poor iron minerals. The activation energy for glass reduction is over twice that for mare soil reduction over the temperature range 1173-1323 K . Thus, the rate-controlling step of H 2 reduction for lunar soil simulants was the reaction step of reducible oxides.
Conclusions
Three types of lunar soil simulants were used for investigating the reaction mechanism of water-production by H 2 reduction of lunar soil.
The activation energy for FJS-1 was lower than that for Oshima and Kohyama owing to rich content of iron oxides in FJS-1, and the activation energy was the intermediate value of iron oxides and ilmenite. On the contrary, the activation energy of Oshima and Kohyama increased with the reduction because Oshima contains abundant volcanic glass and Kohyama has poor iron minerals.
Therefore, the rate-controlling step for lunar soil was the reaction step of reducible oxides with H 2 .
